The soybean cyst nematode, Heterodera glycines Ichinohe, is an economically important pathogen of soybean (Glycine max (L.) Merr.) in the north-central region of the United States, where most soybean production occurs (15) . In Illinois, Iowa, and Missouri, the value of the estimated annual loss of soybean yield caused by H. glycines exceeds $300 million (T. L. Niblack and G. L. Tylka, unpublished data). Currently, recommendations for management of H. glycines emphasize the use of resistant cultivars and incorporation of crop rotation with a nonhost in soybean production (10) .
With its unique feeding site in soybean roots, H. glycines can impede soybean growth and development by interfering with root function. However, there is no consensus as to how and to what extent H. glycines affects plant growth and development. Early observations indicated that the effects of H. glycines on soybean growth were highly variable in the field, with no clear trend (3). In field microplots, H. glycines appeared to reduce plant height and biomass accumulation, but no significant reductions of these growth parameters were found in the field under different irrigation regimes (7) . Increases in population densities of H. glycines were reported to reduce the number of pods in field microplots (14, 17) . The "typical" aboveground symptoms of infection by H. glycines are stunting and chlorosis (1) , yet significant yield loss in the absence of aboveground symptoms was observed in the north-central region (9) . The difficulty of determining which aspect of soybean growth and development is most affected by H. glycines is an indication that interactions between H. glycines and environmental variables play an important role in determining soybean growth and development. Understanding soybean growth and development in the presence of H. glycines should help us design management plans to maximize soybean yield. A field project was conducted in Illinois, Iowa, and Missouri from 1997 to 1999 to investigate the effect of H. glycines on soybean growth, development, and yield by direct comparison of several biomass measurements and yield of both resistant and susceptible cultivars over the entire growing season. This project also generated data on soybean cyst nematode and plant biomass measurements as part of an effort to develop soybean growth models (5).
MATERIALS AND METHODS
Field sites naturally infested with H. glycines were chosen in northern and southern Illinois, central Iowa, and central Missouri. Conventional tillage was used at the Illinois and Iowa sites, whereas the Missouri site was no-till. Two locally adapted cultivars, one with resistance to H. glycines, were grown at each site (Table 1) . Cultivars were planted in alternating fourrow strips with 76 cm between rows during the appropriate period for commercial soybean production at each site. Weed control at each site was accomplished with recommended herbicides, cultivation, or both.
A total of 500 1-m-long biomass sampling areas (plots) were marked at each location after planting, 250 in rows of the resistant cultivar and 250 in rows of the susceptible cultivar. Not every marked plot was sampled. A sufficient number of plots were marked so that the destructive sampling described in the following paragraph could take place throughout the growing season, with enough plots remaining to provide reasonable yield estimates. Each 1-m-long plot contained at least 15 plants. Unsampled 1-m-long buffer areas separated each plot. The first sampling date was 4 weeks after planting and subsequent sampling dates followed at 2-week intervals until harvest. The number of sampling dates was different depending on field sites and growing seasons. At the Iowa site, the first sampling date in 1997 was 6 weeks after planting (WAP) for both cultivars, and samples for the susceptible cultivar at 20 WAP were missing (Table 2) . There were eight and six sampling dates in 1998 and 1999, respectively (Table 2) . At Missouri, there were nine sampling dates in 1997, and seven sampling dates completed at 16 WAP in 1998 and 1999 (Table  3) . On each sampling date, the entire plot was rated for soybean growth stage (6), plant height (in centimeters), and number of plants. Before all plants in each sampling area were collected for bulk weight, three plants were chosen arbitrarily from each plot to measure leaf, stem, pod, and seed weights, and number of pods and seed were recorded after they were dried at Field experiments were conducted at locations in northern and southern Illinois, central Iowa, and central Missouri from 1997 to 1999 to investigate the effects of Heterodera glycines on soybean growth, development, and yield. A wide range of infestation levels was present at all locations. Two locally adapted cultivars, one resistant to H. glycines, were grown at each location. Cultivars were planted in alternating four-row strips with 76 cm between rows. For each cultivar, 20 1-m-long single-row plots were sampled every 2 weeks starting 4 weeks after planting. Infection by H. glycines reduced plant height and leaf and stem weight on the resistant cultivars in the first 12 weeks after planting, and delayed pod and seed development 12 to 14 weeks after planting. Biomass accumulation was not reduced on the susceptible cultivars until 10 weeks after planting; reduction in pod and seed development occurred throughout the reproductive stages. Susceptible cultivars produced significantly lower yields than resistant cultivars, but the yield reductions were not accompanied by visually detectable symptoms.
60°C for 72 h. Plant weight of the entire plot, including three plants chosen for additional measurements, was recorded as bulk weight. Yields were based on plots harvested at physiological maturity for seed only. Seed collected from yield plots were sampled for seed composition analysis.
To ensure that each cultivar had comparable initial population densities (Pi) of H. glycines at each sampling date, the actual plots used for biomass measurement were not identified until the population density of H. glycines in each plot was determined immediately after planting by the following method. Five soil cores (19 mm in diameter by 15 to 20 cm) were collected within a 7-cm range on either side of the seed row. Cysts were extracted from 100-cm 3 subsamples with a modified semiautomatic elutriator (2) . Eggs were released from cysts with a motorized pestle (11) and counted under a dissecting microscope.
Based on the egg counts, plots of each cultivar were divided into groups. The frequency distribution of plots representing the overall range of Pi depended on year and location (Figs. 1 and 2). Plot assignments were based on five equal-sized groups for each year and location, as follows. The Pi were listed in order from low to high, with a cut-off at each value that represented one-fifth of the plots. The first group was labeled "A", the second group "B", and so on. Plots belonging to the same Pi group were randomly assigned a biomass sampling identification label from 1 to 10, representing the sampling date. For each biomass sampling date, four plots of the same Pi group were randomly chosen so that 20 plots of each cultivar were sampled at each biomass sampling date (i.e., five infestation levels × four replications). The protocol guaranteed that plots chosen at each biomass sampling date had a similar Pi range of H. glycines from high to low; thus, plant biomass measurements across sampling dates were compared against a similar range of Pi. Actual values of Pi, not Pi groups, were used for the regression analyses described below.
Means of biomass measurements (plant height; leaf, stem, pod, and seed weight; and number of seed) of two plots with the lowest Pi of H. glycines were used as base values to compute relative measurements.
Biomass measurements taken from the other remaining plots of each cultivar were divided by the corresponding means of biomass measurements obtained from the two plots with the lowest Pi to provide values of relative biomass measurements. Relative biomass measurements for individual plots at each site throughout the experiment were combined to evaluate the effect of H. glycines on soybean growth and development. Reductions in relative values reported here resulted from reductions in actual growth and development compared with those where Pi of H. glycines were the lowest. Therefore, relative values are indicators of soybean growth in the presence of H. glycines.
All Pi were transformed to log10 (x + 1) values before analysis to reduce the correlation between means and variances. The effect of H. glycines on soybean growth and development over the entire growing season was evaluated by linear regression (SAS Institute, Cary, NC). Means of plant growth measurements and yields were separated with least-squares estimates of marginal means (LSMEANS) of the general linear models (GLM) procedure of SAS. (Figs. 1 and 2) . Pi of H. glycines in Iowa in 1997 were exceptionally high. Of the eight sampling dates for the susceptible cultivar and nine for the resistant cultivar completed in 1997, only 15 of 340 plots had fewer than 5,000 eggs/100 cm 3 of soil. No significant aggregation of H. glycines was detected at any site (data not shown). A similar range of Pi was recorded for both cultivars except for Missouri in 1998, where the susceptible cultivar was planted inadvertently where the rows of the resistant cultivar had been in 1997.
RESULTS

A range of Pi of H. glycines was present at each experimental site
At both the northern and southern Illinois sites, an unusually wet spring in 1997 and technical problems in 1998 resulted in datasets that were similar, but not directly comparable, to the datasets collected at the Missouri and Iowa sites. Separate analyses of the northern and southern Illinois datasets showed trends identical to those observed in the Missouri and Iowa sites. In order to reduce the complexity of this report, we include the analyses of the latter two only.
The effect of H. glycines on soybean growth and development was similar among locations (Tables 4 and 5 ). At the Iowa site, most of the reductions in plant height and leaf weight on the resistant cultivar occurred during the first 12 weeks after planting. The positive slopes of regression models after 12 weeks of planting suggest no further reductions in plant height, and leaf and stem weight as soybean progressed to maturity. As indicated by the negative slopes of the regression models, infestation delayed seed development between 12 and 14 weeks after planting; however, reductions were not observed after 14 weeks after planting. For the susceptible cultivar, reduction in plant height occurred 10 weeks after planting. Pod and seed development were reduced throughout the reproductive stages, par- z Regressions were performed on relative measurements and values of log 10(Pi + 1) for initial population density. Parameters (slope and R 2 ) presented in the table are for the linear models. R 2 followed by the asterisk indicates the linear model for the measurements at corresponding sampling dates are significant at P = 0.05. ticularly between 12 and 14 weeks after planting (Table 4) . At the Missouri site, reductions in plant growth on the resistant cultivar were recorded in the first 10 weeks after planting, with significant reduction at 6 weeks after planting. Pod and seed development was not reduced. For the susceptible cultivar, reductions in plant growth occurred 10 weeks after planting. Stem weight was significantly reduced at 10, 16, and 18 weeks after planting. Significant reductions in pod and seed development occurred throughout reproductive development (Table 5). At both sites, slopes of linear models of soybean development measurements are steeper than those of soybean growth measurements except those for resistant cultivars in Missouri.
Plant height, leaf weight, stem weight, and canopy weight were used to measure soybean growth. The two cultivars followed similar growth patterns throughout the growing season (Tables 2 and 3 ). At the Iowa site, measurements for both cultivars were similar throughout biomass sampling except in 1997, when Pi of H. glycines were high (Table 2 ; Fig. 1 ). At the Missouri site, similar trends were observed (Table 3) ; however, the resistant cultivar had consistently higher growth measurements than the susceptible cultivar at later sampling dates in 1999.
Although differences in plant growth measurements were not consistent or significant, yields of resistant soybean cultivars were significantly greater than those of susceptible cultivars at most sites (Table  6 ). Seed composition, including protein, oil, fiber, saturated fatty acids, and total fatty acids between resistant and susceptible cultivars at all sites were not different (data not shown).
DISCUSSION
It is informative to have a wide range of Pi of H. glycines at all sampling dates when responses of both resistant and susceptible cultivars are evaluated throughout the soybean growing season. The experimental design we used resulted in a fairly similar range of Pi at all sampling dates with relatively easy field implementation. Our intensive field sampling indicated there is a wide range of Pi within relatively small fields. To estimate field infestation with H. glycines, diagnostic field sampling must be carefully planned to avoid spots where H. glycines population densities may be at the lower end of the range. Underestimation of nematode pressure may lead to unpleasant economic consequences.
Soybean growth and development are determined by both genotype and environment. Even among closely related cultivars, significant differences in growth and development occur under similar growing conditions. To standardize our measurements, we used relative biomass measurements calculated from the corresponding measurements collected at the same time from the two plots that had the lowest Pi of H. glycines. In addition, relative values can be combined over years to evaluate the general effect of H. glycines, whereas the use of actual values may highlight heterogeneous variances that prevent combination over years. Relative values are an accepted means of assessing host responses to nematode infection (12, 13) .
One of the more interesting results of this study was the observation that the growth of resistant cultivars was reduced during the first 12 weeks after planting. Resistance in soybean does not prevent penetration by second-stage juveniles of H. glycines (4) . In fact, the root cells where initial syncytia are formed undergo degeneration and death within days after root penetration in resistant hosts (8) . The hypersensitive-type responses may have created nutritional sinks at initial syncytia immediately after penetration in a resistant host, and growth reduction would be a reflection of this effect. With a limited number of fully developed syncytia in their root systems, resistant hosts eventually compensate for the reduction that occurred at the beginning, as indicated in the study. In contrast, the formation of syncytia in the roots of susceptible plants is much less detrimental to host tissue. No cell wall thickening and necrosis occurs during the early period of infection. The continual nematode feeding on susceptible hosts, however, eventually disrupts root function, deprives the host of nutrients, and results in reduction in soybean growth and development as indicated in our data.
One of the challenges in managing soybean cyst nematode is to convince producers to implement management practices before the damage becomes obvious. In our study, significant yield loss occurred in the absence of visually obvious symptoms such as stunting. Within the same range of Pi of H. glycines, slopes of linear models for measurements of plant height, leaf weight, and stem weight were flatter than those for pod weight, seed weight, and number of seed. This result suggests that reductions in components related to yield are not necessarily related to changes in plant growth. This is in agreement with Young (16) , who observed that H. glycines can cause yield reduction in the absence of visible decline in growth. Little or no change in plant growth in the presence of H. glycines may belie the loss in yield. When resistant and susceptible cultivars were compared, significant differences in measurements, such as plant height, leaf, stem, and canopy weight at all sites, were not visible in the field unless the Pi of H. glycines were exceptionally low or high. The similar growth between the two cultivars can mislead growers to conclude that there is no gain to be had by switching to resistant cultivars. Our research indicated that resistant cultivars consistently produced higher yields than susceptible cultivars. The difference in yield between resistant and susceptible cultivars at the Iowa site in 1997 indicated that yield of resistant cultivars can be double that of susceptible cultivars if Pi are high. Carefully chosen resistant cultivars can benefit producers in H. glycines-infested fields even though no obvious growth difference is visible. 
